A low-temperature study of the thermoluminescent dosimeter material, lithium tetraborate (Li 2 B 4 O 7 ) doped by Cu, has been carried out by the methods of electron paramagnetic resonance (EPR) and time-resolved polarization spectroscopy using 4-20 eV synchrotron radiation and 1 μs Xe flash lamp pulses in the region 3-6 eV. The observed EPR spectra of an unpaired hole with strong d-character and characteristic hyperfine splittings can be ascribed to Cu 2+ substituted at a Li lattice site and displaced due to relaxation. The results on the Cu + -related luminescence strongly support the conclusion about a low-symmetry position of copper impurity ions in the lithium tetraborate lattice. The temperature dependence of the decay kinetics of the Cu + -related 3.35 eV emission indicates a triplet nature for the relaxed excited state of the Cu + centres. An off-centre position of the Cu + ion in the relaxed excited state is suggested.
Introduction
Lithium tetraborate (Li 2 B 4 O 7 ) is an acousto-and optoelectronic material widely used for nonlinear optical applications in the ultraviolet (UV) region due to its transparency extending as far as 160 nm, which is remarkable even among other borates. Its crystal structure is characterized by the space group I 4 1 cd belonging to the point group C 4v , and can be described as a =B-O-B≡ covalent network consisting of a frame of alternating oxygen-bonded BO 4 and BO 3 oxyanions and stabilized by Li + ions accommodated within this network [1] . The basic structural unit of the network is a cradle-like B 4 O 7 group (see figure 1 ). The lowest-energy electronic excitations, leading to transitions from oxygen to boron oxyanionic states, efficiently form self-trapped excitons (STEs) in this material, which decay 5 Author to whom any correspondence should be addressed. radiatively resulting in a characteristic STE emission at 3.65 eV (see, e.g., [2, 3] and references therein). Intrinsic defects introduced by neutron irradiation have been characterized earlier by EPR [4, 5] .
If activated by small amounts of Cu, Li 2 B 4 O 7 has been known as a tissue-equivalent thermoluminescent dosimeter whose properties can be further improved by using appropriate co-dopants, leading to an outstanding sensitivity exceeding that of the well-known LiF:Mg,Ti phosphor [6] . However, no studies characterizing the incorporation sites of any dopants in Li 2 B 4 O 7 have so far been reported. Neither have the luminescence properties of Li 2 B 4 O 7 :Cu been sufficiently investigated. The studies have mostly been carried out on polycrystalline or glassy samples and confined to room temperature and a narrow range of excitation energies in the UV (E exc < 6 eV), insufficient to reveal the variety of impurity states which might be involved, taking into account the large energy gap of the material. Photo-or electron-excited luminescence has recently been reported for single crystals, showing a 370 nm (3.35 eV) characteristic emission band attributed to Cu + ions [7, 8] .
In the present paper we report on EPR studies on Cu 2+ ions and a parallel low-temperature optical study of Li 2 B 4 O 7 :Cu single crystals based on time-resolved polarization spectroscopy using synchrotron radiation in the 4-20 eV region and microsecond Xe flash lamp pulses in the 3-6 eV region. The investigation is aimed at obtaining information on substitution sites of dopants like Cu 2+ and Cu + ions introduced in the Li 2 B 4 O 7 matrix and at understanding the processes of relaxation of electronic excitations and energy transport to the recombination centres relevant for dosimetric applications of the material studied. EPR spectra were recorded using ESP-300 Bruker spectrometers in the X and Q bands at the Universities of Osnabrück and Giessen. The spectra taken in the Q band yielded no additional information and are not reported here.
Experimental details
The synchrotron radiation study of Li 2 B 4 O 7 :Cu crystals in the energy region 4-20 eV was performed at the SUPERLUMI station of HASYLAB, Hamburg, Germany, taking advantage of the natural polarization of the synchrotron radiation in the horizontal plane. Excitation and absorption spectra were measured from oriented samples in nearly normal (incidence angle 17
• ) and normal incidence geometry, respectively. The absorption spectra in the region 4-8 eV were measured using an AXUV-100 photodiode. The emission was analysed with a SpectraPro308i (Acton) spectrograph and a Hamamatsu PMT R6358P. All necessary corrections have been introduced into the emission and excitation spectra. For the photon energies used, no effects indicating charge transfer have been observed.
Time-resolved polarization spectroscopic measurements in the energy region 3-6 eV were performed at the Institute of Physics, University of Tartu, Estonia. The methods for measuring emission and excitation spectra, as well as the emission decay kinetics, have been described elsewhere [9] . An Ahrens prism was used for the analysis of emission polarization properties. Two intensities were measured, with the analyser parallel (I ) and perpendicular (I ⊥ ) to the c axis of the crystal. The degree of polarization was calculated as P = 100% × (I − I ⊥ )/(I + I ⊥ ). The polarization was considered positive in the case of I > I ⊥ , and negative in the case of I < I ⊥ .
Results and discussion

EPR results
The EPR spectra could be observed in the temperature region 6-180 K, showing a normal Curie-like temperature dependence without structural changes but saturating towards lower temperatures (figure 2). The power dependence also passes through a maximum, as expected for inhomogeneously broadened lines (figure 2 insets). A convenient temperature chosen for a detailed study was near 30 K.
All major features of the spectra could be explained by the S = 1/2 spin-Hamiltonians of Cu 2+ ions lines are non-overlapping wing components of similar HF multiplets due to similar Cu 65 centres. The relative intensities correspond to the natural abundances of both isotopes, and the ratio of the HF splittings to the ratio of their nuclear g-factors. The presence of altogether eight such centre families, discernable for general orientations of the magnetic field, proves that the local centre symmetry is C 1 . In this case, for orientations of the magnetic field exactly within a crystallographic plane, the expected number of discernable centre families reduces to four, for B
[100] and B [110] there remain only two, and for B c all centres are magnetically equivalent. For most orientations of the magnetic field, strong overlap prevents the unique assignment of the components. The angular dependence of the Cu 63 EPR spectra in the crystallographic planes is presented in figure 4 . In the zx plane ( figure 4(a) ) the experimental points correspond to four HF quartets, though most lines show additional splittings due to a small misalignment of the sample. The corresponding components of the two quartets in the high-field lobes are separated by less than 4 mT, and those in the low-field part even less. In the x y plane ( figure 4(b) ) the extremal positions of all observed lines occur for directions very near to B
[110] and the splittings between pairs of hyperfine quartets are smaller than 1 mT. In fact, the splittings due to centre inequivalence inside the x y plane and those attributable • with the z axis. to sample misalignment are of the same magnitude in our experiments. However, in-plane splitting has to disappear for B [110] , while the misalignment in our case clearly has different symmetry properties, so a careful study of the wing components allowed us to make convincing assignments of four (pair-wise nearly coinciding) in-plane HF quartets, despite their additional splittings due to sample misalignment. The lines in figure 4 were simulated using the fitted values of the spin-Hamiltonian tensor parameters given in table 1 (the program used was V G Grachev's 'Visual EPR'). The errors of the parameter values could be estimated by assuming maximal splittings reconcilable with the experimental data.
As expected for a centre that is well localized on one ion, the principal directions of the g and A 63 tensors nearly coincide, the deviation being within 6
• . The directions corresponding to the smallest g-value and the largest HF splitting (third principal axes) show an even smaller deviation (<2
• ), and are within a few degrees perpendicular to a {110}-type plane approximately containing all other eigenvectors (see figure 1(a) ). This property corresponds to the small splittings observed in the angular dependence of the EPR spectra inside the crystallographic planes, and indicates that the Cu 2+ centre • to the main principal axis of the g tensor corresponding to the smallest gvalue, g 3 = 2.0265. The third nearest ligand in the relaxed case, O 4 , is situated in a direction that makes an angle of 23
• with the principal axis corresponding to g 1 = 2.515. Taking into account that the ligand position vectors, unlike the eigenvectors, are strongly non-orthogonal, this comparison may also be considered to be quite satisfactory. Though this agreement cannot be considered as a proof for the relaxation to be exactly of this type, it still demonstrates that substitution at a relaxed Li site may reasonably explain the experimental results. These and all other observed properties of the Cu 2+ defect should be checked by detailed calculations of the electronic structure. compiled in table 3 where, along with principal values of spin-Hamiltonian tensors, data on local structure and distortion are also given. As suggested also by the earlier data on LiNbO 3 , the hole-type ground-state function tends to point towards the nearest oxygen neighbours [12] . As can be seen for Li 2 B 4 O 7 , both spin-Hamiltonian tensors show larger anisotropies than found for the other matrices, which can be attributed to the much stronger distortion of the ligand spheres, related to the absence of symmetry elements (C 1 ) in our case. The ground state of Cu 2+ in Li 2 B 4 O 7 may be assumed to contain an important contribution of a 3Z 2 -R 2 -type state pointing towards the nearest (pair of) oxygen neighbours, with mostly XZ-and/or YZ-type d-admixtures, making the HF tensor non-axial. Any s-type admixture has to be small, as indicated by the isotropic part of the HF tensor, which is by far the smallest for Li 2 B 4 O 7 among the oxide matrices listed in table 3. Admixtures of the p-type, both in the ground and the low-lying s-type excited states of Cu 2+ , may be significant, as suggested by the large g-shifts.
The obtained spin-Hamiltonian parameters presently do not allow us to make any conclusions about the presence of a charge-compensating defect. A natural compensator like a Li vacancy situated at 3.1Å on a nearest-neighbour Li site would not qualitatively change the spectra. No other paramagnetic species in addition to the one described can be distinguished in the EPR spectra. The peak-to-peak EPR linewidth, attributed to unresolved HF interaction with the nuclei of matrix cations, is ∼0.5 mT, which seems to be smaller than the lineshift that the appearance of a nearestneighbour Li vacancy might cause. For comparison see, for example, Mn 2+ centres in a number of alkali chlorides only differing by an additional vacancy [14, 15] . Moreover, no angular dependence of the linewidth could be observed. This indicates that the overwhelming majority of Cu 2+ centres are essentially alike, either locally charge-compensated or not. It will be shown below that the other charge state of the dopant, Cu + , is observed in luminescence studies showing intense parity-forbidden transitions, also indicating a low-symmetry substitution site.
Optical properties
The absorption, emission and excitation spectra of undoped and Cu-doped Li 2 B 4 O 7 single crystals for various orientations of the crystal c axis with respect to the electric vector of exciting light (E c and E ⊥ c) are presented in figures 5 and 6. The absorption spectra were decomposed into Gaussian components and an exponential cutoff for the fundamental absorption edge at about 7 eV (figure 5). The absorption spectrum measured for E c clearly shows five features centred at 7.25, 6.86, 5.75, 5.25 and 4.6 eV ( figure 5(a) ). For E ⊥ c, the two highest-energy peaks are not resolved, and a shoulder is observed at 7.1 eV instead ( figure 5(b) ). Both absorption spectra were measured up to the value of 8 cm −1 of the absorption coefficient. However, in order to better demonstrate the impurity-related part, spectra are shown only up to 2 cm −1 in figure 5 . The emission spectra of Li 2 B 4 O 7 :Cu reveal a strong band peaked at 3.35 eV (figure 6, curve 2) which substantially differs from the emission of STEs in the undoped Li 2 B 4 O 7 crystal (curve 1). The excitation spectrum of the 3.35 eV emission contains two groups of bands centred at 5 and 7 eV. The latter group is situated near the fundamental absorption edge and is obviously distorted on its short-wavelength side due to the host absorption. The shape of the spectrum and the intensity ratio of the two band groups are consistent with the absorption spectra and depend substantially on the orientation of the crystal with respect to the polarization vector of the exciting light (curves 2 , 2 ). While two peaks at 4.75 and 5.2 eV are observed for the lower-energy group at both orientations, the higher-energy group is represented by two peaks at 6.77 and 7.23 eV for E c and by only one broad band peaking at 7 eV for E ⊥ c. The excitation spectrum of the STE emission in undoped Li 2 B 4 O 7 is shown for comparison by curve 1 . The same characteristic shape is observed for Li 2 B 4 O 7 :Cu in the highenergy part of the excitation spectrum of the 3.35 eV emission. The efficiency of the excitation grows in the region 7.8-8.3 eV strongly reduces towards 10 eV and then does not change significantly up to 20 eV. Excitation of Li 2 B 4 O 7 :Cu by photons with energies higher than 8 eV produces a broad emission band that is identical to that of an undoped crystal (see curve 1). Its shape can be described by a single Gaussian function within experimental error, and in the first approximation the band can be considered to be elementary. No admixture of the 3.35 eV emission can be detected. This means that practically no energy transport by free charge carriers to the impurity centres responsible for the 3.35 eV emission takes place under excitation within the fundamental absorption region of Li 2 B 4 O 7 , at least in the range 8-20 eV. The 3.35 eV band positions and half-widths completely coincide for excitation by 5.28 and 6.7 eV photons, and therefore both excitation band groups undoubtedly belong to the same luminescence centre. The Cu + ion is the most probable candidate for the emitting centre in Li 2 B 4 O 7 :Cu. Accordingly, its 3d 9 4s → 3d 10 transitions have been considered to be responsible for the 3.35 eV emission band [7, 8] . The peaks in the absorption spectrum of the Li 2 B 4 O 7 :Cu crystal mostly correspond to the bands observed in the excitation spectrum and are also related to the Cu + charge state of the dopant. However, there are some discrepancies with the low-energy part of the absorption spectrum containing the bands peaking near 4.5 and 5.7 eV. The 5.7 eV absorption band, having no counterpart in the excitation spectrum, obviously belongs to some uncontrolled impurity, while the distortion of the lowest-energy peak of Cu + (situated at 4.75 eV in the excitation spectrum) may be caused by the nonlinear response of the AXUV-100 photodiode at low energies.
To assign the excitation bands of the 3.35 eV emission, one has to refer to the energy-level scheme of the free Cu + ion. The ground state of the free Cu + ion is of the 3d 10 configuration, while the lowest excited states are populated due to the 3d 10 → 3d 9 4s and 3d 10 → 3d 9 4p transitions, covering the energy ranges 2.7-3.3 eV and 8.3-9.2 eV, respectively [16] . The 4s electron is strongly antibonding toward the ligands and the 4p electron is partly bonding, therefore, upon incorporation into the crystal, the 3d 9 4s levels are raised in energy and the 3d 9 4p levels are lowered [17] . Taking this into account and also comparing our results in Li 2 B 4 O 7 :Cu with those published for Cu-doped alkali halide crystals (AHCs) [17, 18] , one can ascribe the group of absorption and excitation bands near 5 eV to the 3d 10 → 3d 9 4s transitions and that near 7 eV to the 3d 10 → 3d 9 4p transitions of the Cu + centre. This is the first observation of an allowed d → p transition in Cu + -doped borate systems. The structure of the corresponding excited term and its anisotropy is the subject of future investigations. The 3d 10 → 3d 9 4s transition is parity-and spin-forbidden, but may be partly allowed due to off-centre displacements of the Cu + ion, as found for several AHCs [17, 18] , or due to the original low symmetry of the Li 2 B 4 O 7 crystal field at a site lacking inversion and even mirror symmetry. The generally forbidden 3d 10 → 3d 9 4s transitions (near 5 eV) have a surprisingly high relative intensity with respect to the allowed 3d 10 → 3d 9 4p transitions (at 7 eV) and are strongly anisotropic in Li 2 B 4 O 7 :Cu. The position (peaks at 4.75 and 5.2 eV) and the splitting (∼0.45 eV) of the 3d 9 4s term are close to those reported for those AHCs, in which the Cu + ion occupies off-centre positions at a cation site [18] . Accordingly, a substitution site of rather low symmetry is expected in the case of Li 2 B 4 O 7 :Cu. This assumption is in good accordance with the above-described results of the EPR study of Cu 2+ ions in the same crystal. Thus, the properties of the absorption and excitation spectra of Cu + seem to support the straightforward assumption that, because of its similar charge and ionic character, Cu + substitutes for Li + at or near to the cation site of C 1 symmetry and does not enter the covalent B-O network. However, the exact position of Cu + in its ground state cannot be verified with the methods used in the present work.
The alternatives for the Cu + ion with a simple lowsymmetry site on the one hand and off-centre positions on the other hand can be discerned by the study of the emission decay kinetics. The temperature dependence of the decay kinetics of figure 7(a) . At room temperature, the decay kinetics are represented by a single component, whose decay time (τ = 25 μs) is substantially shorter than that reported, for example, for NaF (90 μs), where Cu + is essentially an on-centre ion [17] . In the region 6-297 K, the temperature dependence of this single component shows a high-temperature plateau at 40-297 K, a sharp exponential increase of τ for lowering the temperature from 40 to 12 K, and a tendency to form a low-temperature plateau in the region 12-6 K (see the experimental points along curve 1 in figure 7(a) ). Such a temperature dependence is typical of the so-called slow component observed for triplet relaxed states (see, e.g., [19, 20] ). The triplet model is in good agreement with the experimental data on Cu + emission in cubic alkali halides, which has been attributed to the radiative decay of the relaxed 3 E g state [17] . According to this model, the high-temperature plateau is caused by the complete thermal equilibrium between the components of the triplet, the upper doublet (called the emitting level) and the lower singlet (called the metastable level), at temperatures where the doublet is mainly responsible for the emission due to its substantially higher radiative decay probability. In the region of the low-temperature plateau, the emission is mainly due to the metastable singlet, while the emitting doublet is practically unpopulated [19] . Accepting the triplet model for the 3.35 eV emission of Cu + in Li 2 B 4 O 7 , one should expect a splitting of the emitting doublet of the triplet state in two levels due to the low-symmetry crystal field at the Cu + substitution site. However, the energy of the splitting cannot be estimated centre for the case of a low-symmetry crystal field (a) and for the case of tunnelling motion of the excited Cu + ion between off-centre positions for T < 6 K (b). Here, δ is the average energy distance between the crystal-field-split emitting level 2 and the tunnel-split metastable level 1. γ 1 , γ 1 , γ 1 and γ 2 are radiative decay probabilities, and p is the probability of non-radiative transition. from our measurements. In the Cu + emission in Li 2 B 4 O 7 , there is no so-called fast non-equilibrium decay component originating from the emitting level, which is frequently seen for other systems with triplet relaxed excited states in the low-temperature interval starting from the region where the decay time of the slow component changes exponentially with decreasing temperature, and below that [19, 21] . For the case of Cu + , this interval corresponds to the region between 6 and 40 K, where only a single slow component is observed. The absence of the non-equilibrium component means that there is no direct initial population of the emitting doublet during the relaxation from the non-relaxed 3d 9 4s term. A complete absence of the non-equilibrium decay component has been observed, for instance, also for In + centres in alkali halides [22] and for the triplet emission of self-trapped excitons in tungstate crystals [23] .
Based on the procedure published in [19] , from the temperature dependence of τ of the slow component in the region 6-297 K, the energy of the spin-orbit splitting of the triplet was calculated to be δ = 3.3 × 10 −3 eV, while for the radiative decay probabilities of the emitting doublet and the metastable singlet levels the values γ 2 = 6 × 10 4 s −1
and γ 1 = 6.5 × 10 3 s −1 have been obtained, respectively. For the probability of the non-radiative transition from the emitting to the metastable levels, we obtain p = 3 × 10 4 s −1
(for a simplified scheme of the relaxed triplet state, see figure 8 (a)). Curve 1 in figure 7(a) shows the calculated temperature dependence of the slow component using the above fitting parameters. While the agreement is perfect above 6 K, there is total disagreement for lower temperatures. Below 6 K the decay kinetics of the 3.35 eV emission splits into two components with a peculiar dependence of the decay times and light sums (curves 1, 1 , 2, 2 ), none of which can be explained in terms of the simple triplet state model. In our opinion the existence of two components below 6 K indicates a splitting of the metastable level and a doubling of the corresponding potential minimum. The corresponding scheme of the triplet excited state is shown in figure 8(b) . The very fact of the splitting of the single metastable level may seem unusual. On the other hand, the temperature dependence of the decay kinetics of the Cu + emission in Li 2 B 4 O 7 strongly resembles that reported for mercury-like ions of small radius in alkali halide crystals offering substitution sites of higher symmetry. For these ions the tunnel splitting of the metastable level of the triplet excited state could be established and attributed to the low-temperature tunnelling movement of the excited impurity ion between equivalent off-centre positions in the plane normal to the Jahn-Teller distortion axis [22] . The small-radius Cu + ion in its ground state also tends to occupy off-centre positions at liquid helium temperatures in a number of crystals with higher symmetry [18] . It can be assumed that this may also happen in its excited state, as required in our case. The mechanism of the splitting of a metastable level by tunnelling transitions is described in detail in [22] .
While tunnel splitting seems to be the only possible cause for the splitting of a metastable singlet level, it is difficult to imagine two or more (nearly) equivalent off-centre positions for an excited Cu + ion occupying a low-symmetry figure 1(a) ). An interstitial position, e.g. ∼1.7Å below the oxygen ion on the C 2 axis, would have eight further oxygen neighbours, all roughly at 3.1Å, two boron sites at ∼2.3Å and two Li sites at ∼2.1Å without considering displacements and possible additional defects like lithium vacancies. For such a site the local symmetry is C 2 . Consequently, two equivalent off-axis positions manifested in the Cu + excited state at low temperatures may be assumed. While this alternative may require unusually large relaxations and displacements, it contains the off-centre scenario as an inherent property supported by the twofold symmetry and elongated shape of the B 4 O 7 unit. The latter model would also mean that Cu + and Cu 2+ occupy somewhat different positions. However, this would not contradict present knowledge on this system.
Irrespective of the choice between the two abovedescribed alternatives for the Cu + site, the assumed tunnel splitting of the metastable level can be estimated from the low-temperature data obtained below 6 K. Applying a twolevel model similar to the triplet state model [19] but choosing as active levels only the tunnel-split levels instead of the metastable and emitting levels, the tunnel splitting can be estimated as 5 × 10 −4 eV, which is almost an order of magnitude smaller than the spin-orbit splitting δ = 3.3 × 10 −3 eV derived above. Note that, considering the tunnel splitting of the metastable level, δ has to be interpreted as an average distance of the split emitting doublet and the tunnelsplit metastable level, while γ 1 is the radiative probability of the metastable state under the condition that the tunnel sublevels are averaged out by thermal transitions. The probability of the radiative decay of the lowest tunnel sublevel can be estimated as γ 1 = 3.5 × 10 3 s −1 , which is smaller than γ 1 , as expected. The decay probability γ 1 of the upper sublevel cannot be calculated with sufficient precision due to the temperature interval where both tunnel components are observed being too short.
Also, the polarization properties of the 3.35 eV emission show features paralleling the results on decay kinetics. At room temperature the degree of polarization (P) is 60%, irrespective of the polarization of the exciting light, and does not depend on the emission wavelength within the whole emission band. It remains unchanged in the region of 297-40 K, where thermal equilibrium between the emitting and metastable levels of the triplet is maintained. In the region from 40 to 12 K, where the population of the emitting level gradually decreases and the decay time of the emission increases approaching the low-temperature plateau, the degree of polarization decreases steeply to about 20%. This means that electronic transitions from the emitting and metastable levels of the triplet relaxed excited states of Cu + ions have on average different orientations with respect to the crystal axis c. In the region 6-1.85 K, where the decay kinetics of the 3.35 eV emission splits into two components, the polarization degree of the slower component approaches 60%, while that of the faster one reaches −10%, thus indicating that the corresponding transition takes place in the plane normal to the c axis. This is indicative of different polarization properties of the two components of the tunnel-split metastable level. Note that the degree of polarization of the emission coming from the lowest tunnel sublevel is the same as that of the whole triplet system in thermal equilibrium. Such behaviour is characteristic of tunnel sublevels, where the lowest one tends to display the symmetry properties possessed by the centre-symmetric state (see [22] ). The polarization degree of the sum of both components ( figure 7(b), curve 3 ) is the same as that of the 3.35 eV emission in the region 6-12 K, where the splitting is not yet observable. Further investigations, including a group theoretical analysis of the data and an optically detected magnetic resonance study, are necessary to fully understand the effects that are observed.
Conclusion
The analysis of the results described leads to the conclusion that each charge state of the Cu dopant forms a well-defined low-symmetry species in the Li 2 B 4 O 7 lattice, and does not enter the covalent B-O network. Cu 2+ has been shown by EPR to substitute at the Li + site, with an appreciable relaxation of the site and its surroundings which is inevitable because of the surplus charge of the dopant ion and the low (C 1 ) symmetry of the substitution site being well established for the Cu 2+ species.
The temperature dependence of the decay kinetics of the Cu + -related emission indicates that the relaxed excited state of the Cu + centres is of triplet nature. A splitting of the metastable level of the Cu + triplet excited state is found for temperatures below 6 K, leading to the assumption about offcentre displacements of the Cu + ion in its excited state. This can be caused either by an accidental approximate symmetry of the Li + site (the seemingly trivial assumption for the substitution site of a monovalent cation) or by an interstitial position of Cu + with an average C 2 symmetry between two B 4 O 7 groups.
The presence of additional defects, in particular charge compensators like nearby Li vacancies, cannot be excluded. To answer these and other open questions, further detailed experimental and theoretical work is required.
